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Abstract

Polyethylenimine (PEI), which is frequently used for polyplex formation and effective gene transfection, is rarely recognized as a
luminescent polymer. Therefore, it is usually tagged with an organic fluorophore to be optically tracked. Recently, we developed
branched PEI (bPEI) superparamagnetic iron oxide nanoparticles (SPION@bPEI) with blue luminescence 1200 times stronger than
that of bPEI without a traditional fluorophore, due to partial PEI oxidation during the synthesis. Here, we demonstrate in vitro dye-
free optical imaging and successful gene transfection with luminescent SPION@bPEI, which was further modified for receptor-
mediated delivery of the cargo selectively to cancer cell lines overexpressing the epidermal growth factor receptor (EGFR). Pro-
apoptotic polyinosinic—polycytidylic acid sodium (PIC) was delivered to HeLa cells with SPION@bPEI and caused a dramatic
reduction in the cell viability at otherwise non-toxic nanoparticle concentrations, proving that bPEI coating is still an effective com-
ponent for the delivery of an anionic cargo. Besides, a strong intracellular optical signal supports the optically traceable nature of
these nanoparticles. SPION@DbPEI nanoparticles were further conjugated with Erbitux (Erb), which is an anti-EGFR antibody for
targeting EGFR-overexpressing cancer cell lines. SPION@bPEI-Erb was used for the delivery of a GFP plasmid wherein the trans-
fection was confirmed by the luminescence of the expressed gene within the transfected cells. Poor GFP expression in MCF7, a
slightly better expression in HeLa, and a significant enhancement in the transfection of HCT116 cells proved a selective uptake and
hence the targeting ability of Erb-tagged nanoparticles. Altogether, this study proves luminescent, cationic, and small

SPION@bPEI nanoparticles as strong candidates for imaging and gene therapy.
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Introduction

Luminescent materials are of great interest in biotechnology and
medicine since they can be utilized in sensors, labelling, and
imaging [1-5]. Luminescent proteins, luminescent synthetic
polymers, and quantum dots are the most popular luminescent
materials with advantages and disadvantages [6-10]. Lumines-
cent polymers are either m-conjugated systems with delocalized
electrons or polymers with conjugated fluorophores as pendant
or end groups [11-13]. Conjugated polymers usually suffer from
insolubility, which limits their processability and hence medical
use [13,14]. However, in recent years, amine-containing
branched polymers such as polyethyleneimine (PEI) [15-19]
and dendrimers such as polyamidoamine (PAMAM) [20-24] are
reported as weakly blue luminescing organic materials. The
exact reason behind this luminescence is not known, but it
seems like there is not a single mechanism that explains the
intrinsic fluorescence of these “periodically amine” containing
species. Different factors including delocalization of
nonbonding electrons in highly repeating systems, the rigidity
of the backbone, acidification of amines, hydrogen bonding,
exciplex formation, amine oxidation, and solvent-induced
aggregation were reported as factors that amplify the weak
luminescence of PEI and amine-containing dendrimers [15-
18,20,24]. The luminescence of these materials is especially
valuable since they are widely used for drug and gene delivery
and may provide “label-free tracking” of these agents in vivo
and in vitro [25,26]. Although both PEI and PAMAM have
been studied for drug/gene delivery for decades, these systems
have not been recognized as luminescent delivery vehicles
until recently due to a very weak luminescence. Lin et al.
synthesized mostly linear PEI and demonstrated a siRNA
delivery with this luminescent polymer [27]. Sun et al. utilized
the luminescence of branched PEI as the imaging modality in
polymeric quantum dots (PDOTs) formed from amphiphilic
polyethyleneimine-polylactide (PEI-PLA). An enhanced
luminescence of PEI in the PDOT (quantum yield = 0.31) com-
pared to free PEI (quantum yield = 0.01) was attributed to the
more compact structure of PEI in the self-assembled PDOT.
This was the first report that studied the luminescence of
branched PEI at a relatively high molecular weight (25 kDa)
[19].

Polyethyleneimine, especially branched 25 kDa PEI, has been
accepted as the golden standard for non-viral nucleic acid
delivery, providing efficient binding to the cell surface, endo-
somal release of the cargo, and translocation to the nucleus
[25,28-30]. To develop theranostic nanomaterials, PAMAM and
PEI were frequently coupled with superparamagnetic iron oxide
nanoparticles (SPIONs) for drug/gene delivery combined with
magnetic resonance imaging [31,32]. Usually, these systems

were conjugated with other fluorescent tags for optical detec-
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tion of nanoparticles in cells in many in vitro studies including,
for example, flow cytometry or fluorescence imaging, since the
luminescence of the polymer was not detected [18,33,34].
Unfortunately, the luminescence of the fluorophores (dye or
quantum dots) that are active in the visible range is usually sig-
nificantly reduced when attached to the iron oxide surface since
SPIONSs have strong absorption in the UV and visible range of
the spectrum [33]. Alternatively, PEI-bound luminescent nano-
particles, such as quantum dots or graphene nanoparticles, are
also being studied to combine optical imaging and gene trans-
fection abilities in a single composition.

Recently, we did report an exceptionally strong blue luminesce
of branched PEI- (25 kDa) coated SPION nanoparticles [35].
Such strong luminescence in the visible range is very interest-
ing considering that the fluorophore, which is branched PEI
(bPEI), is directly attached to SPION which has strong absor-
bance in the visible window of the electromagnetic spectrum. A
tremendous enhancement in the poor, mostly unrecognized and
unutilized blue luminescence of bPEI was achieved when it was
used as a coating on SPION crystals. We suggested that the
partial oxidation of the amines during the synthesis of
SPION@bPEI is responsible for the enhanced bPEI lumines-
cence. It is further enhanced with the immobilization of bPEI on
SPION crystals and post-synthetic acidification of the particles,
which also increased the rigidity. These nanoparticles have a
small hydrodynamic size and a positive surface charge. The
former is very important for the pharmacokinetics of nanoparti-
cles and needed for long blood circulation time, especially when
a molecular targeting is aimed [36-38]. The latter is essential for
the highly popular gene therapy, especially in the treatment of
cancer [39,40]. Besides, SPIONs are already in the clinic as
magnetic resonance imaging (MRI) agents and SPION@bPEI
nanoparticles have a strong T2 signal (the signal that reflects the
length of time it takes for the MR signal to decay in the trans-
verse plane) [35].

In recent years, there has been a growing demand for a combi-
nation of different imaging modalities to improve the detection
limit and to provide image-guided therapies [41,42]. Both MRI
and optical imaging are noninvasive imaging modalities. Mag-
netic resonance imaging provides high spatial resolution but
lacks sensitivity. Optical imaging, on the other hand, has better
sensitivity but suffers from limitations in the penetration depth
in in vivo studies. However, it is quite successful in the preclin-
ical research [43]. Hence, a combination of the two modalities
provides many advantages. One of the approaches towards such
structures are SPIONs conjugated with luminescent quantum
dots (QD) [44-47] or tagged with luminescent dyes such as
indocyanine green (ICG) [48].
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Here, we demonstrate the utility of intensely blue-luminescent,
small, and cationic SPION@bPEI in dye-free optical detection
and therapeutic gene transfection as well as its targeted delivery
to epidermal growth factor receptor (EGFR)-positive cancer cell
lines, in vitro. Initially, the dose dependent cytotoxicity of the
nanoparticles was determined. Then, using a fluorescence
microscope, the ability of these nanoparticles to generate intra-
cellular optical signal was demonstrated. Then, a pro-apoptotic
oligonucleotide (polyinosinic—polycytidylic acid sodium salt)
(PIC) was transfected into HeLa cells to demonstrate that lumi-
nescent bPEI coating is still an effective component for the
delivery of an anionic cargo and it may deliver oligonucleo-
tides in a therapeutic dose. Next, SPION@bPEI were conju-
gated with Erbitux (Erb), which is an anti-EGFR antibody for
targeting EGFR-overexpressing cancer cell lines. Finally,
SPION@bPEI-Erb nanoparticles were used for the targeted
delivery of a GFP plasmid, whose transfection can be con-
firmed with the luminescence of the expressed gene within the
transfected cells. Overall, we have demonstrated the label-free
optical tracking, gene transfection, and receptor targeting ability
of SPION@DPEI, which exploited its small size, cationic nature

and intrinsic luminescence.

Materials and Methods
Synthesis of branched PEIl-coated SPIONs
(SPION@bPELI)

The procedure detailed in our previous study was followed [35].
Briefly, an aqueous reaction mixture composed of 0.07 M of
FeCl,-4H,0O (Merck, USA), 0.14 M of FeCl3-6H,0O (Merck,
USA), and 0.6 mM of bPEI (Aldrich, USA) was treated with
ammonium hydroxide (Sigma-Aldrich, USA) at 80 °C under
argon atmosphere. The black solution was cooled to room tem-
perature after 30 min and acidified to pH 5 with CH3;COOH
(Lachema, Czech Republic). The final product SPION@bPEI
was washed with DI water using 30 kDa Amicon centrifugal
filters and stored at room temperature. The total organic content
of the particles was determined by thermogravimetric analysis
(TGA).

Erbitux conjugation to SPION@bPEI

Before any application, Erbitux (Erb) (Merck Serono, UK)
with a stock concentration of 5 mg/mL was washed with
phosphate-buffered saline (PBS) (Biomatik, Canada) using an
ultracentrifugation filter (10 kDa MWCO Amicon). After
washing, the concentration of Erb was calculated to be
3 mg/mL using the Bradford assay. An amount of 500 pg of
Erb was activated by mixing it with 15 mg of 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC)
(Sigma-Aldrich, USA) and 15.5 mg of N-hydroxysulfosuccin-
imide (sulfo-NHS) (Sigma-Aldrich, USA) in 2-(N-
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morpholino)ethanesulfonic acid (MES) buffer (Biomatik,
Canada) at pH 6.0 at room temperature for 15 min. Then, NHS-
activated Erb (152 kDa) was washed with PBS (Biomatik,
Canada) using an ultracentrifugation filter (10 kDa MWCO
Amicon) and then added to 120 mg of SPION@bPEI in PBS.
After 48 h of mixing at +4 °C, the reaction was quenched with
an excess of hydroxylamine and the product was purified by di-
alysis in PBS using a 300 kDa dialysis device (Float-A-Lyzer,
Spectrum labs, USA) at +4 °C with four times buffer refresh-
ment in 12 h to remove unbound Erb.

The amount of Erb conjugated to nanoparticles was quantified
by the Bradford assay. The unbound Erb removed by dialysis
was then concentrated. This solution (1 mL) was mixed with
1 mL of the Bradford Reagent (Sigma-Aldrich, USA) for
10 min at room temperature, and then its absorbance at 595 nm
was recorded using a UV-vis spectrophotometer (Shimadzu
UV-3600 UV-vis—NIR spectrophotometer). A calibration curve
was prepared with bovine serum albumin (BSA) at concentra-
tion values of 0, 1, 2, 4, 6, 8, and 10 pg/mL in PBS to enable a
correlation between the measured absorbance and protein con-
centration. Then, the concentration of unbound Erb was calcu-
lated from its absorbance at 595 nm using the BSA calibration
curve. The concentration of bound Erb was calculated
by subtracting the unbound amount from the Erb added
to the nanoparticles during synthesis. According to this,
SPION@bPEI-Erb nanoparticles (12.5 mg/mL) contain
380 pg Erb/mL.

PIC and pGFP loading to
luminescent magnetic nanoparticles
(SPION@bPEI/PIC or SPION@bPEI/pGFP)

Polyinosinic—polycytidylic acid sodium salt (Sigma-Aldrich,
USA) was dissolved in nuclease-free water to a final concentra-
tion of 10 mg/mL. In order to make double-stranded PIC, this
solution was heated to 55 °C then cooled back to room tempera-
ture according to the instructions from the manufacturer.

As DNA plasmids, GFP plasmids (16542: pBI-MCS-EGFP)
were purchased from Addgen, propagated in DH5a competent
E. coli bacteria, and purified using the QIAGEN EndoFree
Plasmid Maxi kit. For this purpose, first the bacteria were
cultured in Luria—Bertani agar for single colony selection. The
obtained colonies were then grown in Luria—Bertani broth
growth medium. Later, the GFP plasmid DNA was isolated
from these cells using the QIAGEN Plasmid DNA isolation kit
and quantified by the absorbance at 260 nm using the
Nanodrop.

Different volumes of PIC or plasmid (500 pg/mL) and
SPION@DPEI (5 mg/mL) in HEPES-buffered glucose (HBG,
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20 mM of HEPES, 5% w/v of glucose) pH 7.4 were mixed at a
final volume of 250 pL and incubated at room temperature
for 30 min to generate a series of SPION@bPEI/PIC or
SPION @bPEI/pGFP complexes with different N/P ratios. For
this purpose, 40 pL of PIC or plasmid (500 pg/mL) was mixed
with 2, 4, 8, 16, 32, and 64 pL of nanoparticles (5 mg/mL)
which corresponds to N/P ratios of 1.4/1, 2.8/1, 5.6/1, 11.2/1,
22.4/1, and 45/1, respectively. The volume of all samples was
completed to 250 uL with HBG. In the N/P calculation, 3 nmol
of P per ug of dRNA or dDNA and 10 nmol of N per 0.9 ug of
bPEI (25 kDa) were assumed [49].

The loading efficiency was checked by gel electrophoresis.
Typically, 1.2 g of agarose was dissolved in 100 mL of tris-
borate-EDTA (TBE) (Alfa Aesar, USA) buffer and boiled at
100 °C. After cooled down to 70 °C, 4 uL of ethidium bromide
(10 mg/mL) was added and the gel was poured into a gel elec-
trophoresis unit. A volume of 50 pL of the solutions containing
4 ug of PIC were mixed with 5 pL of a 6x DNA gel-loading
buffer solution, added into the gel wells, and separated under an
electric field (80 mV, 400 mA) for 60 min using a Bio-Rad
Mini-Sub Cell GT Cell.

DLS and zeta potential measurements

The hydrodynamic radius and {-potential of the nanoparticles
were determined using a Zetasizer Ultra (Malvern Instruments
Ltd, UK) in HBG at 25 °C. All measurements were performed
in triplicate.

Cell culture and cytotoxicity assay

Dose-dependent antiproliferative effects of free bPEI,
SPION@bPEI, and SPION@bPEI/PIC were tested on HeLa
cells (cervical cancer cell line). The antiproliferative effect of
SPION@bPEI-Erb and SPION@bPEI-Erb/pGFP was tested on
HeLa, MCF7 (breast cancer cell line) and HCT116 (human
colon cancer cell line) cells. The cells were grown onto 75T cul-
ture flasks in Dulbecco’s Modified Eagle’s culture Medium
(DMEM) with 4.5 g/L p-glucose, L-glutamine, and pyruvate
(Life Technologies USA) and supplemented with 10% of FBS
and 1% of penicillin solution. The cells were kept at 37 °C
under 5% CO, and were subcultured three times per week
with 0.25% trypsin/EDTA. The cells were seeded onto
96-well microtiter plates (Greiner) at a concentration of
5 x 103 cells/well (HeLa and MCF7) and 10 x 103 cells/well
(HCT116) and incubated for 24 h at 37 °C. Then, the cells were
treated with the test samples and incubated at 37 °C for 48 h.
After the removal of the medium, the cells were washed with
PBS several times. The antiproliferative effect of the test mate-
rials on these cell lines was evaluated by using the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) cell proliferation kit (Applichem) according to the
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instructions from the manufacturer. In each plate, the assay was
repeated for the blank medium and untreated cells in medium as
controls. Then, the MTT reagent was added to each well, and
the absorbance of formazan was measured at 490 nm by using a
Biotek ELx800 96-well plate reader with a reference at 630 nm.
The results were reported as the average of five replicates. The
MTT assays were repeated at least three times and the data were
presented as mean * standard error from the mean. The statis-
tical analysis was conducted using ANOVA and two-sample
unequal variances were used to calculate the p-values between
groups. All cell viability percentages were presented as percent-
ages of the control viability.

Fluorescence imaging

To investigate the in vitro optical imaging potential of the
SPION@bPEI, HeLa cells were incubated in 24-well plates
with free bPEI, SPION@bPEI, and SPION@bPEI/PIC at a con-
centration corresponding to 10 pg/mL of the bPEI content.
After 2 h of incubation at 37 °C, the medium was removed and
the cells were washed with PBS several times. Then, 250 uL of
a 4% paraformaldehyde solution was added to each well and the
plates were stored in the dark for 20 min to fix the cells. After
the removal of paraformaldehyde, each well was washed three
times with PBS (1 M). The fixed cell samples were examined
under an Olympus-excellence RT Life Science microscope
(Mexc = 358 nm, Ay = 485 nm).

To demonstrate the targeted delivery of nanoparticles to EGFR-
overexpressing cell lines, MCF7 (EGFR-negative), HeLa (poor
EGEFR expressor) and HCT116 (strong EGFR expressor) cells
were treated with SPION@bPEI/pGFP and SPION@bPEI-Erb/
pGFP at two different pDNA concentrations (1.2 and
0.6 pg/mL) with N/P ratios of 30 and 45, respectively. The cell
fixation procedure was performed 48 h after the treatment.

Characterization

The photoluminescence spectroscopy (PL) measurements were
performed by using a Horiba Jobin Yvon FluoroMax-3 spectro-
fluorometer at room temperature (Agxe = 365 nm, Ay, = 482 nm
for SPION@bPEI). The fluorescence microscopy images were
obtained by using an Olympus-excellence RT Life Science
microscope (Aexc = 488 nm, Aey, = 510 nm for GFP).

Results and Discussion

Delivery of therapeutic PIC to cancer cells
with SPION@bPEI and in vitro optical
imaging

Highly positively charged PEI electrostatically condenses high
molecular weight (MW) DNA to polypeptic nanoparticles
(10-100 nm), which are capable of being absorbed by endo-
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cytosis [50,51]. Usually, the main purpose of using PEI coating
on SPIONS is to provide cationic nanoparticles suitable for gene
binding and transfection along with the diagnostic potential pro-
vided by the superparamagnetic iron oxide core in MRI. In this
study, we focused on the label-free optical imaging potential,
which is new in the literature for SPION@bPEI, and the trans-
fection potential of these nanoparticles.

A full characterization of synthesized luminescent
SPION@DbPEI was published by Unal et al. in 2018 [35]. The
total organic content of the particles was determined to be 76%
by TGA. The average crystal size of SPION@bPEI nanoparti-
cles was measured from transmission electron microscopy
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(TEM) images to be approx. 6 nm (Figure 1a). The TEM
images related to polymer-coated magnetic nanoparticles show
that these nanoparticles seem to be agglomerated, which is due
to the protruding of near particles under vacuum. It is difficult
to see the PEI polymer coating around the crystal by TEM.
However, it is possible to distinguish the polymer capping layer
from the nanocrystal and perform image processing on a squire
containing two particles protruding under vacuum using a high-
resolution transmission electron microscope. For this purpose, a
reduced fast Fourier transform (FFT) of a region containing two
SPION@DPEI crystal particles protrude over vacuum should be
generated to obtain the spatial frequency distribution in the
image. Then, a noise-filtering mask from the reduced FFT

a
20 nm 60 nm
c 13000 | SPION@bPEI (in situ)
12000 -, | Fe304 maghemite
11000 1 | Fe304 magnetite
10000 } | FeCl2 . 2H20
| FeCl3 . 7H20
9000 -
" T
€ 8000 -
S
8 7000 -
6000 -
5000
4000 -
3000 f
2000
1000 -
2 Theta ( Coupled 2 Theta/Theta) WL 1.54060

Figure 1: a) TEM image of SPION@bPEI. b) AFM micrograph image of SPION@bPEI (magnetic mode). ¢) X-ray diffraction pattern of SPION@bPEI
prepared via the in situ coating method. Since the presence of the polymer prevented the observation of a diffraction pattern, it was burned under an
inert atmosphere. Extra diffraction peaks are probably originating from the impurities formed as a result of the burning. Figure 1 parts b and ¢ were
reprinted from [35], O. Unal et al., “Discovery of an Exceptionally Strong Luminescence of Polyethyleneimine-Superparamagnetic Iron Oxide Nanopar-
ticles”, Macromolecular Chemistry and Physics, with permission from John Wiley and Sons. Copyright © 2018 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim. This content is not subject to CC BY 4.0.
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preserving only the crystalline contributions from the original
image should be generated to produce the filtered nanoparticle
image [35].

An AFM analysis performed at magnetic mode indicated parti-
cles of approx. 20 nm in size, which suggests a slight particle
aggregation (Figure 1b). According to the literature, it is usually
not uncommon to obtain different results using AFM and TEM
analysis. However, due to a higher resolution and material-
related sensitivity the results obtained from TEM are usually
more reliable [52]. The XRD pattern of SPION@bPEI synthe-
sized in situ indicates a crystalline magnetite structure
composed of both magnetite (Fe30,4) and maghemite (Fe,03),
including nanoparticles (Figure 1c). Considering only XRD
patterns it would be difficult to distinguish the percentage of
magnetite and maghemite in magnetic nanoparticles. However,
electron paramagnetic resonance (EPR) spectroscopy analysis
can be applied to overcome this problem. According to EPR
spectroscopy results, SPION@bPEI nanoparticles synthesized
in situ were composed of 23% magnetite and 77% of
maghemite SPIONs [35].

Here, the cytotoxicity of SPION@bPEI, its potential for thera-
peutic gene delivery, and label-free optical imaging were inves-
tigated. For this purpose, PIC which is a synthetic dSRNA was
electrostatically loaded into SPION@bPEI at different N/P
ratios (1.4/1, 2.8/1, 5.6/1, 11.2/1, 22.4/1, and 45/1) which corre-
sponds to SPION@bPEI to PIC w/w ratios of 0.5/1, 1/1, 2/1,
4/1, 8/1, and 16/1. In all these compositions, the amount of PIC
was kept constant at 80 ug/mL (4 ug/well). The mechanism of
loading of poly I:C on nanoparticles is through electrostatic
interactions between the negative charge (due to the phosphate
group of dsRNA/poly I:C) and the positive charge of the nano-
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particles (due to primary amine groups of polyethyleneimine).
This is due to the fact that the highly positively charged PEI
electrostatically condenses high molecular weight DNA or
RNA to polypeptic nanoparticles (10—100 nm), which are
capable of being absorbed by endocytosis [50,51]. The gel
retardation of poly I:C (dsRNA analogue) happens after inter-
acting with positively charged nanoparticles. According to our
gel electrophoresis results and comparing between free poly I:C
(well 8), at an N/P ratio of 1.4/1, 50% and at an N/P ratio of
2.8/1, almost all of poly I:C interacted with the nanoparticles,
which resulted in the retardation of this dsSRNA analogue
(Figure 2a).

The examination of the photoluminescence spectra of PIC-
loaded SPION@bPEI (the amount of nanoparticles was kept
constant as 1.28 mg/mL) at different SPION@bPEI to PIC w/w
ratios (free PIC, 16/16, 16/8, 16/4, 16/2, 16/1, blank nanoparti-
cles) demonstrated that PIC loading does not change the photo-
luminescence intensity of the SPION@bPEI nanoparticles,
which is highly desirable for the theranostic function of these
nanoparticles (Figure 2b). All these nanoparticles exhibit a
strong blue emission with a maximum value at 480 nm when
excited at 360 nm. In order to evaluate the cytocompatibility of
SPION@bBPEI as a gene delivery vehicle and determine the
therapeutic outcome of PIC delivery by SPION@bPEI to HeLa
cells, the MTT assay was used (Figure 3). Since the potentially
toxic component is bPEI, the doses of the nanoparticles were re-
ported based on their bPEI content (7.6, 15, and 22 pug/mL) de-
termined by TGA. The HeLa cells were also treated with free
bPEI for comparison. Free bPEI demonstrated a dose-depend-
ent cytotoxicity with approx. 30% reduction in viability even at
the lowest dose (7.6 ug/mL). At a 15 pg/mL dose of free bPEI,

the viability was only 10%. However, when the same amounts

a b = Blank
N/P: 1.4 2.811 5.6/1 11.21 22,51 4511 blank Free PIC 2.5M — WIW: 16/1
— W/W: 16/2
-~ 2.0MA m—WIw: 16/4
=] .
L‘i wiw: 16/8
- 1.5M — W/W: 16/16
2 == Free PIC
)
z 1.0M 4
-
o
500.0k 4
0.0 T T i
400 500 600 700

wavelength (nm)

Figure 2: a) Gel electrophoresis showing the binding of PIC to SPION@bPEI (the PIC amount was kept constant at 4 pg/well) at different N/P ratios.
b) PL spectra of free PIC, SPION@bPEI, and SPION@bPEI/PIC (1.28 mg/mL constant nanoparticle concentration) at different SPION@bPEI to PIC

W/w ratios. Agxc = 355 nm.
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Figure 3: MTT cytotoxicity assay in HeLa cells treated with free bPEI, SPION@bPEI, and SPION@bPEI/PIC for 48 h (the doses are given in pg). The
amount of bPEI, PIC, and SPION@bPEI given under each column identifies the amount of each component in the formulation given to the cells. The
results are expressed as the mean of three independent experiments * standard error and subjected to one-way ANOVA with Tukey's test.

of bPEI were introduced in the form of SPION@bPEI, no sig-
nificant reduction in the viability of HeLa cells was observed at
7.6 and 15 pg/mL of bPEI (corresponding to nanoparticle con-

centration values of 10 and 20 pug/mL, respectively).

A significant toxicity was observed at a dose of 22 pg/mL of
free bPEI, which is equivalent to a 30 pg/mL SPION@bPEI
dose. This is a significant enhancement in cytocompatibility of
SPION@bPEI, which may be partially due to a decreased
overall positive charge upon adsorption of some amine groups
to the crystal surface [53] and maybe partially due to the oxida-
tion of amine groups as we have previously determined for
SPION@bPEI [35,54]. Indeed, this is quite a notable advance-
ment since there is no PEG on these nanoparticles to reduce the
toxicity of bPEI, which is the commonly accepted method to

render such toxic materials more biocompatible.

The delivery of PIC to HeLa cells with this highly cytocompat-
ible delivery vehicle resulted in a dose-dependent viability, in-
dicating an effective delivery of PIC into the cells at an N/P
ratio of 30. The cell viability decreased by 20-40-70% with
0.9, 1.8 and 2.7 pg of PIC, respectively, delivered to the cells
with an increasing dose of the SPION@bPEI/PIC. Especially at
10 and 20 pg of nanoparticles/mL dose, all the toxicity is origi-
nated from the PIC delivered into the cells, which is excellent.

One of the most attractive features of this SPION@DbPEI is the
intense blue emission, which makes additional fluorescent

tagging unnecessary. Fluorescence microscopy images of the
cells treated with SPION@bPEI show a strong intracellular
optical signal, proving these particles as good optical imaging
agents (Figure 4a;—a3). SPION@bPEI/PIC also displayed a
similar, strong blue luminescence in the cytoplasm of the cells,
allowing for the optical tracking of these nanoparticles
(Figure 4b1-b3). Such strong intracellular signal of
SPION@bPEI/PIC is in agreement with the spectroscopic data
(Figure 2b). Cells treated with free bPEI show a very weak
optical signal in the cytoplasm, as expected (Figure 4c{—c3). In
addition, significant morphological changes were observed in
these cells due to the cytotoxic effect of bPEI on the cyto-
plasmic membrane and the triggering of an intrinsic apoptotic
pathway [55-57]. Most probably, the weak luminescence and
high toxicity at the required concentrations to observe the fluo-
rescence signal are the reasons why bPEI luminescence has not
been detected by fluorescence microscopy studies before
[18,58].

Targeted delivery of GFP to EGFR-positive
cells with luminescent SPION@bPEI

After the demonstration of the theranostic potential of
SPION@DbPEI, these nanoparticles were tagged with Erb for
selective delivery of the cargo to EGFR-overexpressing tumor
cells, as an example of receptor-mediated targeting of these
nanoparticles. According to our calculation, 12.5 mg/mL of
SPION@bPEI-Erb nanoparticles contains 380 ug of Erb/mL,

which was determined from the unbound Erb using
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Phase Cyan Merged

SPION@bPEI/PIC SPION@bPEI

bPEI/PIC

Control

Figure 4: Fluorescence microscopy images of Hela cells treated for 4 h with SPION@bPEI (20 pg/mL) (a1—a3), SPION@bPEI/PIC (N/P = 30)
(b1—bg), free bPEI (15 pg/mL) (c1—c3), and control untreated cells (d1—d3) at a 20x magnification (Aex = 358 nm, Agm = 480 nm). Images subscribed as
1 are the phase-contrast microscopy images, images subscribed as 2 are fluorescence microscopy images (cyan), and images subscribed as 3 are
merged images. The scale bar for the images is 50 um.
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the Bradford assay (section “PIC and pGFP loading to
luminescent magnetic nanoparticles (SPION@bPEI/PIC or
SPION@bPEI/pGFP)”). Therefore, SPION@bPEI-Erb nano-
particles contain about 3% of Erb (w/w).

The average hydrodynamic sizes of SPION@bPEI and
SPION@DbPEI-Erb were measured to be 69 nm and 7.5 nm in
HBG, respectively (Supporting Information File 1, Figure S1).
Due to the high volume-to-surface-area ratio, SPIONs tend to
attract each other and aggregate to minimize their high surface
energies [59]. Therefore, electrostatic and steric repulsion need
to be created between SPIONs to prevent agglomeration and
produce a stable nanoparticle. It was also demonstrated that
peptization prevents agglomeration, paving the way for the pro-
duction of stabilized magnetic nanoparticles [60]. The antibody
conjugation may stabilize the particles further, preventing
aggregation and hence reducing the hydrodynamic size [61].
Therefore, Erb conjugation may result in a reduction of the sur-
face energy of magnetic nanoparticles and pave the way for a
decrease in the hydrodynamic radius by preventing agglomera-

tion and increasing stabilization of the nanoparticles.

The zeta potential values of SPION@bPEI and SPION@bPEI-
Erb were measured to be +35.2 mV and +29.1 mV, respective-
ly (Supporting Information File 1, Table S1), which is expected
since the conjugation of Erb to nanoparticles consumed some
amines, and the antibody contains anionic functionalities as
well. The Erb conjugation decreased the luminescence intensity
of SPION@DbPEI by approx. 30%, but PIC loading (Figure 2b)
or DNA loading did not change the luminescence intensity any
further (Supporting Information File 1, Figure S2).
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The cytotoxicity of Erb-conjugated SPION @bPEI nanoparti-
cles (SPION@bPEI-Erb) and free Erb at an equivalent concen-
tration to the Erb content of SPION@bPEI-Erb were investigat-
ed in MCF7, HeLa, and HCT116 cell lines (Figure 5) at a single
dose. SPION@bPEI seems to be more toxic to MCF7 and
HCT116 than to HeLa cells at the tested dose of 19.2 ug/mL.
Such cell line-based differences are normal since the mecha-
nism of nanoparticle internalization may vary depending on the

cell type, cell cycle stage, and cell polarization state [62].

Free Erb did not cause any significant cytotoxicity at the
applied dose (0.62 pg/mL) in either of the cell lines studied,
which was desired in this study since Erb was only used to
demonstrate molecular targeting. Although HCT116 cells are
EGFR positive, the ICsq of the Erb monoclonal antibody is
approx. 380 pg/mL [63] and, hence, no significant Erb-depend-
ent cytotoxicity was expected. Interestingly, Erb conjugation
significantly reduced nanoparticle cytotoxicity. This may be due
to the reduction of surface amine groups, which is the main
reason for the cytotoxic effect of PEI-coated nanoparticles. It is
also possible that the Erb modification may change the internal-
ization pathway of the nanoparticles. As an example, in 2009,
Gabrielson et al. demonstrated that folic acid modification of
PEI polyplex enhances internalization via a caveolar pathway in
cells expressing folate receptors [64]. Since caveolae-mediated
internalization pathways do not necessarily involve traffic to
lysosomes, it can yield a better transfection efficiency [65].
Indeed, it was shown that both unmodified branched and linear
PEI polyplexes could damage plasma membranes, resulting in a
rapid redistribution of phosphatidylserine from the inner plasma
membrane to the outer cell surface (without activation of

83 SPION@bPEI

Cell Type

Figure 5: MTT cytotoxicity assay in MCF7, HCT116, and Hela cells treated with free Erb (0.62 pg/mL), SPION@bPEI (19.2 pg/mL), and
SPION@bPEI-Erb (20.7 ug/mL). The results are expressed as the mean of three independent experiments + standard error and subjected to one-way

ANOVA with Tukey's test.
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caspase 3) and also leakage of cytosolic lactate dehydrogenase
(LDH) from the cells [55,56]. It has also been known that
unmodified polyplexes can switch on the intrinsic apoptotic
pathway by activating the box protein and therefore releasing
the cytochrome ¢ [57]. Covalent binding of Erb to the surface of
SPION@bPEI may somehow switch off the intrinsic cytotoxici-

1.2 ug/ml pGFP

SPION@bPEI/pGFP

N/P: 30

SPION@bPEI-Erb/GFP

SPION@bPEI/pGFP

N/P: 45

SPION@bPEI-Erb/GFP

Beilstein J. Nanotechnol. 2022, 13, 82—-95.

ty by hindering the primary amine interaction with box proteins.
These can be some of the possible reasons for cytotoxicity
reduction of SPION@bPEI after surface modification with Erb.

To empirically optimize the transfection efficiency and find a
safe dose, the GFP plasmid was loaded on SPION@bPEI and

0.6 uyg/ml pGFP

Figure 6: Fluorescence microscopy images of HCT116 cells transfected with SPION@bPEI/pGFP or SPION@bPEI-Erb/pGFP at an N/P ratio of 30
(5a—d) with a) 1.2 pg/mL pDNA loaded on 12.8 ug/mL SPION@bPEI, b) 0.6 pg/mL pDNA loaded on 6.4 ug/mL SPION@bPEI, c) 1.2 pg/mL pDNA
loaded on 13.8 ug/mL SPION@bPEI-Erb, d) 0.6 pg/mL pDNA loaded on 6.9 pg/mL SPION@bPEI-Erb. Fluorescence microscopy images of HCT116
cells transfected with SPION@bPEI/pGFP or SPION@bPEI-Erb/pGFP at an N/P ratio of 45 (5e—h) with e) 1.2 pg/mL pDNA loaded on 19.2 ug/mL
SPION@bPEI, f) 0.6 pg/mL pDNA loaded on 9.6 pg/mL SPION@bPEI, g) 1.2 pg/mL pDNA loaded on 20.7 pg/mL SPION@bPEI-Erb, h) 0.6 pg/mL
pDNA loaded on 10.35 pg/mL SPION@bPEI-Erb. All images were taken 48 h after transfection. Images with subscription 1 are merges images, and
images with subscription 2 are green fluorescence microscopy images. Scale bar = 100 pm.
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Table 1: Composition of the particles used for pGFP transfection.

SPION@bPEI
N/P ratio 30 45
NP (pg/mL) 12.8 6.4 19.2 9.6
pGFP 1.2 0.6 1.2 0.6

Erb (ug/mL) - - - -

SPION@DPEI-Erb at two N/P ratios (30 and 45) and tested on
EGFR-positive HCT116 cells in two different DNA concentra-
tions: 1.2 and 0.6 pg/mL (Table 1, Figure 6). Since the primary
goal here was to demonstrate Erb specific internalization of
nanoparticles by the target cells, both Erb and the cargo were

used in nontoxic concentrations.

Fluorescence microscopy images of nanoparticle treated cells
indicate that the transfection with SPION@bPEI was not effi-
cient at either dose or N/P ratios. However, Erb-conjugated
nanoparticles transfected the EGFR positive HCT116 cells very
efficiently at an N/P ratio of 45. Besides, SPION@bPEI/pGFP
induced significant toxic effect on HCT116 cells even at
12.8 ug/mL. However, SPION @bPEI-Erb/pGFP nanoparticles
did not induce any cytotoxic effect even at 20.7 pg/mL. This is
in agreement with the MTT assay results (Figure 5). The opti-
mized formulation and dose were also applied to HeLa and
MCFT7 cell lines under identical conditions. Erb-tagged nano-
particles enhanced GFP transfection to HeLa cells but not as
much as the transfection observed in HCT116, as expected.
HelL a cells are known to have a very low level of EGFR expres-
sion [66]. Hence, Erb tagging slightly enhanced particle uptake
and GFP transfection compared to untagged nanoparticles. As
expected, Erb tagging did not improve the transfection effi-
ciency of EGFR-negative MCF7 cells, confirming the selective
delivery of the nanoparticles. Microscopy images also indicate
that Erb conjugation not only increases the transfection effi-
ciency but also decreases the toxicity of SPION@bPEI on
HCT116 and HeLa cells (Figure 7), which is in agreement with
the cytotoxicity results.

Conclusion

In this study, bPEI-coated cationic superparamagnetic iron
oxide nanoparticles with a very strong intrinsic blue lumines-
cence were demonstrated as promising theranostic nanoparti-
cles. The optical imaging and diagnostic potential of these
nanoparticles were confirmed by a strong intracellular blue lu-
minescence observed with a fluorescence microscope. Consid-
ering the strong T2 signal of SPION@bPEI [35], these nanopar-

ticles may be considered as dye-free dual-mode (MRI and

Beilstein J. Nanotechnol. 2022, 13, 82—-95.

SPION@bPEI-Erb

30 45

13.8 6.9 20.7 10.35
1.2 0.6 1.2 0.6
0.42 0.21 0.62 0.31

optic) imaging agents. Such combinations are highly desired for
diagnostics combined with intraoperative imaging, ex vivo anal-

ysis of nanoparticle distribution, among others.

These SPION@bPEI nanoparticles are significantly more cyto-
compatible than bPEI despite their cationic nature. The binding
of bPEI to the crystal surface and partial amine oxidation are
suggested as possible reasons of the enhanced cytocompati-
bility. Yet, bPEI coating is still capable of delivering oligo-
nucleotides as proven here by two different cargoes. Poly I:C,
a pro-apoptotic agent, was loaded on these nanoparticles
(N/P = 30), and was effectively delivered to HeLa cells,
reducing the viability by 40% in 48 h at a nontoxic dose of the
nanoparticle. Besides, PIC loading did not interfere with the lu-
minescence properties of the nanoparticles, hence it provided
the ability to visualize the internalization of the gene-delivering

nanoparticles by the cells via optical imaging.

SPION@bPEI nanoparticles were also tagged with Erb to
deliver an anionic cargo to EGFR-overexpressing cells as a
demonstration of selective targeting. SPION@DbPEI-Erb
was loaded with nontoxic, widely used cargo: pGFP. A signifi-
cantly enhanced GFP expression in EGFR-positive HCT116
cells and a slightly improved transfection in low EGFR
expressing HeLa, but not in EGFR negative MCF7 cells, proved
the targeting potential of these transfection vehicles [67-69].
The applied Erb concentration to modify nanoparticle surfaces
was almost 1% of the toxic doses [63]. Therefore, selective
internalization of the target cells with no toxicity was achieved.
This result, coupled with the biocompatibility of the nano-
particles compared to bPEI and the small hydrodynamic size
make these nanoparticles quite promising for future in vivo
targeted gene delivery studies coupled with optical imaging.
Lastly, SPION@bPEI was slightly toxic to MCF7 and
HCT116 cell lines. The cytotoxicity was eliminated after Erb
conjugation, possibly due to altered cell internalization mecha-

nisms.

Overall, the combination of SPIONs, which are the only FDA

approved nanoparticles for imaging, and bPEI, which is the

92



Beilstein J. Nanotechnol. 2022, 13, 82—95.

SPION@bPEI-Erb/pGFP SPION@DbPEI-Erb/pGFP
N a, PR e » b2

MCF7

HCT116
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Figure 7: Fluorescence microscopy images of MCF7, HCT116, and HeLa cells transfected with SPION@bPEI-Erb/pGFP or SPION@bPEI/pGFP at
N/P ratio of 45, 48 h after transfection: a-c-e: 1.2 ug/mL pDNA loaded on 20.7 pg/mL SPION@bPEI-Erb; b-d-f: 1.2 ug/mL of pDNA loaded on

19.2 pg/mL SPION@bPEI. Images with subscribed as 1 are the merged images, and images subscribed as 2 are green fluorescence microscopy
images. Scale bar = 100 pm.

golden standard for non-viral gene transfection with an added Fu nding
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1. Erogbogbo, F.; Chang, C.-W.; May, J. L.; Liu, L.; Kumar, R.;
Law, W.-C.; Ding, H.; Yong, K. T.; Roy, |.; Sheshadri, M.;
Supportlng Informatlon Swihart, M. T.; Prasad, P. N. Nanoscale 2012, 4, 5483-5489.
doi:10.1039/c2nr31002¢c

2. Hemmer, E.; Venkatachalam, N.; Hyodo, H.; Hattori, A.; Ebina, Y.;
Kishimoto, H.; Soga, K. Nanoscale 2013, 5, 11339—11361.
doi:10.1039/c3nr02286b

Supporting Information File 1
Supporting Information contains dynamic light scattering

(DLS), photoluminescence spectra, and zeta potential 3. Li,Z:Sun, Q. Zhu, Y.: Tan, B.: Xu, Z. P.: Dou, S. X. J. Mater. Chem. B
analysis of SPION@bPEIL, SPION@bPEI/pDNA, 2014, 2, 2793-2818. doi:10.1039/c3tb21760d
SPION@bPEI-Erb, SPION @bPEI-Erb/pDNA, and 4. Zhang, X.; Zhang, X.; Tao, L.; Chi, Z.; Xu, J.; Wei, Y. J. Mater. Chem. B
SPION@bPEI-Erb/pDNA. 2014, 2, 4398-4414. doi:10.1039/c4tb00291a

5. Sun, Z.; Cui, G.; Li, H.; Liu, Y.; Tian, Y.; Yan, S. J. Mater. Chem. B

2016, 4, 5194-5216. doi:10.1039/c6tb01468b
supplementary/2190-4286-13-6-S1.pdf] 6. Han, H.; Zylstra, J.; Maye, M. M. Chem. Mater. 2011, 23, 4975-4981.
doi:10.1021/cm2021593

[https://www.beilstein-journals.org/bjnano/content/

93


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-13-6-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-13-6-S1.pdf
https://doi.org/10.1039%2Fc2nr31002c
https://doi.org/10.1039%2Fc3nr02286b
https://doi.org/10.1039%2Fc3tb21760d
https://doi.org/10.1039%2Fc4tb00291a
https://doi.org/10.1039%2Fc6tb01468b
https://doi.org/10.1021%2Fcm2021593

7. Farmer, S. C.; Patten, T. E. Chem. Mater. 2001, 13, 3920-3926.
doi:10.1021/cm010291q

8. Klingstedt, T.; Nilsson, K. P. R. Biochim. Biophys. Acta, Gen. Subj.
2011, 71810, 286—296. doi:10.1016/j.bbagen.2010.05.003

9. Tsien, R. Y. Annu. Rev. Biochem. 1998, 67, 509-544.
doi:10.1146/annurev.biochem.67.1.509

10. Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose, S.;
Li, J. J.; Sundaresan, G.; Wu, A. M.; Gambhir, S. S.; Weiss, S. Science
2005, 307, 538-544. doi:10.1126/science.1104274

11.Guo, X.; Baumgarten, M.; Millen, K. Prog. Polym. Sci. 2013, 38,
1832-1908. doi:10.1016/j.progpolymsci.2013.09.005

12.Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Angew. Chem., Int. Ed. 1998,
37, 402-428.
doi:10.1002/(sici)1521-3773(19980302)37:4<402::aid-anie402>3.0.co;
2-9

13. Tuncel, D.; Demir, H. V. Nanoscale 2010, 2, 484—494.
doi:10.1039/b9nr00374f

14.Feng, L.; Zhu, C.; Yuan, H.; Liu, L.; Lv, F.; Wang, S. Chem. Soc. Rev.
2013, 42, 6620-6633. doi:10.1039/c3cs60036j

15.Cao, L.; Jia, D.; Wang, S.; Rong, Y.; Liu, C.; Wang, D. Chem. Lett.
2014, 43, 246-248. doi:10.1246/cl. 130877

16.Li, W.; Qu, J.; Du, J.; Ren, K.; Wang, Y.; Sun, J.; Hu, Q.
Chem. Commun. 2014, 50, 9584—9587. doi:10.1039/c4cc02880e

17.Pan, X.; Wang, G.; Lay, C. L.; Tan, B. H.; He, C.; Liu, Y. Sci. Rep.
2013, 3, 2763. doi:10.1038/srep02763

18. Pastor-Pérez, L.; Chen, Y.; Shen, Z.; Lahoz, A.; Stiriba, S.-E.
Macromol. Rapid Commun. 2007, 28, 1404—1409.
doi:10.1002/marc.200700190

19.8Sun, Y.; Cao, W.; Li, S.; Jin, S.; Hu, K.; Hu, L.; Huang, Y.; Gao, X.;
Wu, Y.; Liang, X.-J. Sci. Rep. 2013, 3, 3036. doi:10.1038/srep03036

20.Chu, C.-C.; Imae, T. Macromol. Rapid Commun. 2009, 30, 89-93.
doi:10.1002/marc.200800571

21.Lee, W. |.; Bae, Y.; Bard, A. J. J. Am. Chem. Soc. 2004, 126,
8358-8359. doi:10.1021/ja0475914

22.Lin, S.-Y.; Wu, T.-H.; Jao, Y.-C.; Liu, C.-P.; Lin, H.-Y.; Lo, L.-W.;
Yang, C.-S. Chem. — Eur. J. 2011, 17, 7158-7161.
doi:10.1002/chem.201100620

23.Wang, D.; Imae, T. J. Am. Chem. Soc. 2004, 126, 13204—13205.
doi:10.1021/ja0454992

24.Wang, D.; Imae, T.; Miki, M. J. Colloid Interface Sci. 2007, 306,
222-227. doi:10.1016/.jcis.2006.10.025

25. Lungwitz, U.; Breunig, M.; Blunk, T.; Goépferich, A.
Eur. J. Pharm. Biopharm. 2005, 60, 247-266.
doi:10.1016/j.ejpb.2004.11.011

26.Navarro, G.; Tros de ILarduya, C. Nanomedicine (N. Y., NY, U. S.)
2009, 5, 287—297. doi:10.1016/j.nan0.2008.12.007

27.Lin, S.-Y.; Lin, F.-S.; Chen, M.-K.; Tsai, L.-R.; Jao, Y.-C.; Lin, H.-Y.;
Wang, C.-L.; Hwu, Y.-K;; Yang, C.-S. Chem. Commun. 2010, 46,
5554-5556. doi:10.1039/c002775h

28.Yue, Y.; Jin, F.; Deng, R.; Cai, J.; Dai, Z.; Lin, M. C. M.; Kung, H.-F.;
Mattebjerg, M. A.; Andresen, T. L.; Wu, C. J. Controlled Release 2011,
152, 143—151. doi:10.1016/j.jconrel.2011.03.020

29.Ulasov, A. V.; Khramtsov, Y. V.; Trusov, G. A.; Rosenkranz, A. A.;
Sverdlov, E. D.; Sobolev, A. S. Mol. Ther. 2011, 19, 103—-112.
doi:10.1038/mt.2010.233

30.Godbey, W. T.; Wu, K. K.; Mikos, A. G. J. Controlled Release 1999, 60,
149-160. doi:10.1016/s0168-3659(99)00090-5

31.Zhang, L.; Wang, T.; Li, L.; Wang, C.; Su, Z.; Li, J. Chem. Commun.
2012, 48, 8706-8708. doi:10.1039/c2cc33472k

Beilstein J. Nanotechnol. 2022, 13, 82—-95.

32. Srikun, D.; Albers, A. E.; Chang, C. J. Chem. Sci. 2011, 2, 1156-1165.
doi:10.1039/c1sc00064k

33.Kas, R.; Sevinc, E.; Topal, U.; Acar, H. Y. J. Phys. Chem. C 2010, 114,
7758-7766. doi:10.1021/jp100312¢e

34.Hocaoglu, |.; Asik, D.; Ulusoy, G.; Grandfils, C.; Ojea-Jimenez, |.;
Rossi, F.; Kiraz, A.; Dogan, N.; Acar, H. Y. Colloids Surf., B 2015, 133,
198-207. doi:10.1016/j.colsurfb.2015.05.051

35.Unal, O.; Khodadust, R.; Durmusoglu, E. G.; Erdem, E.; Yagci, M. B.;
Ow-Yang, C.; Yurtsever, E.; Yagci Acar, H. Macromol. Chem. Phys.
2018, 219, 1700563. doi:10.1002/macp.201700563

36.Hoshyar, N.; Gray, S.; Han, H.; Bao, G. Nanomedicine (London, U. K.)
2016, 71, 673-692. doi:10.2217/nnm.16.5

37.Tang, S.; Peng, C.; Xu, J.; Du, B.; Wang, Q.; Vinluan, R. D., lll; Yu, M.;
Kim, M. J.; Zheng, J. Angew. Chem. 2016, 128, 16273-16277.
doi:10.1002/ange.201609043

38. Sunogrot, S.; Bugno, J.; Lantvit, D.; Burdette, J. E.; Hong, S.
J. Controlled Release 2014, 191, 115—-122.
doi:10.1016/j.jconrel.2014.05.006

39.Wang, X.; Zhou, L.; Ma, Y.; Li, X.; Gu, H. Nano Res. 2009, 2, 365-372.
doi:10.1007/s12274-009-9035-6

40.Wang, K; Kievit, F. M.; Jeon, M.; Silber, J. R.; Ellenbogen, R. G.;
Zhang, M. Adv. Healthcare Mater. 2015, 4, 2719-2726.
doi:10.1002/adhm.201500563

41.Kumar, R.; Nyk, M.; Ohulchanskyy, T. Y.; Flask, C. A.; Prasad, P. N.
Adv. Funct. Mater. 2009, 19, 853-859. doi:10.1002/adfm.200800765

42. Kristian Raty, J.; Liimatainen, T.; Unelma Kaikkonen, M.; Gréhn, O.;
Jumani Airenne, K.; Yla-Herttuala, S. Mol. Ther. 2007, 15, 1579—1586.
doi:10.1038/sj.mt.6300233

43.Qin, C.; Zhu, S.; Tian, J. Curr. Pharm. Biotechnol. 2010, 11, 620-627.
doi:10.2174/138920110792246519

44.1Insin, N.; Tracy, J. B.; Lee, H.; Zimmer, J. P.; Westervelt, R. M.;
Bawendi, M. G. ACS Nano 2008, 2, 197-202. doi:10.1021/nn700344x

45.Gao, J.; Zhang, W.; Huang, P.; Zhang, B.; Zhang, X.; Xu, B.
J. Am. Chem. Soc. 2008, 130, 3710-3711. doi:10.1021/ja7103125

46.Ye, F.; Barrefelt, A.; Asem, H.; Abedi-Valugerdi, M.; El-Serafi, I.;
Saghafian, M.; Abu-Salah, K.; Alrokayan, S.; Muhammed, M.;
Hassan, M. Biomaterials 2014, 35, 3885-3894.
doi:10.1016/j.biomaterials.2014.01.041

47.Bhandari, S.; Khandelia, R.; Pan, U. N.; Chattopadhyay, A.
ACS Appl. Mater. Interfaces 2015, 7, 17552—17557.
doi:10.1021/acsami.5b04022

48. Topete, A.; Melgar, D.; Alatorre-Meda, M.; Iglesias, P.; Argibay, B.;
Vidawati, S.; Barbosa, S.; Costoya, J. A.; Taboada, P.; Mosquera, V.
J. Mater. Chem. B 2014, 2, 6967—6977. doi:10.1039/c4tb01273a

49. Werth, S.; Urban-Klein, B.; Dai, L.; Hobel, S.; Grzelinski, M.;
Bakowsky, U.; Czubayko, F.; Aigner, A. J. Controlled Release 2006,
112, 257-270. doi:10.1016/j.jconrel.2006.02.009

50. Zakeri, A.; Kouhbanani, M. A. J.; Beheshtkhoo, N.; Beigi, V.;
Mousavi, S. M.; Hashemi, S. A. R.; Karimi Zade, A.; Amani, A. M.;
Savardashtaki, A.; Mirzaei, E.; Jahandideh, S.; Movahedpour, A.
Nano Rev. Exp. 2018, 9, 1488497.
doi:10.1080/20022727.2018.1488497

51.Gao, S.; Tian, H.; Guo, Y.; Li, Y.; Guo, Z.; Zhu, X.; Chen, X.
Acta Biomater. 2015, 25, 184—193. doi:10.1016/j.actbio.2015.07.020

52.Eaton, P.; Quaresma, P.; Soares, C.; Neves, C.; de Almeida, M. P.;
Pereira, E.; West, P. Ultramicroscopy 2017, 182, 179-190.
doi:10.1016/j.ultramic.2017.07.001

53.Duman, F. D.; Hocaoglu, I.; Ozturk, D. G.; Gozuacik, D.; Kiraz, A.;
Yagci Acar, H. Nanoscale 2015, 7, 11352—11362.
doi:10.1039/c5nr00189g

94


https://doi.org/10.1021%2Fcm010291q
https://doi.org/10.1016%2Fj.bbagen.2010.05.003
https://doi.org/10.1146%2Fannurev.biochem.67.1.509
https://doi.org/10.1126%2Fscience.1104274
https://doi.org/10.1016%2Fj.progpolymsci.2013.09.005
https://doi.org/10.1002%2F%28sici%291521-3773%2819980302%2937%3A4%3C402%3A%3Aaid-anie402%3E3.0.co%3B2-9
https://doi.org/10.1002%2F%28sici%291521-3773%2819980302%2937%3A4%3C402%3A%3Aaid-anie402%3E3.0.co%3B2-9
https://doi.org/10.1039%2Fb9nr00374f
https://doi.org/10.1039%2Fc3cs60036j
https://doi.org/10.1246%2Fcl.130877
https://doi.org/10.1039%2Fc4cc02880e
https://doi.org/10.1038%2Fsrep02763
https://doi.org/10.1002%2Fmarc.200700190
https://doi.org/10.1038%2Fsrep03036
https://doi.org/10.1002%2Fmarc.200800571
https://doi.org/10.1021%2Fja0475914
https://doi.org/10.1002%2Fchem.201100620
https://doi.org/10.1021%2Fja0454992
https://doi.org/10.1016%2Fj.jcis.2006.10.025
https://doi.org/10.1016%2Fj.ejpb.2004.11.011
https://doi.org/10.1016%2Fj.nano.2008.12.007
https://doi.org/10.1039%2Fc002775h
https://doi.org/10.1016%2Fj.jconrel.2011.03.020
https://doi.org/10.1038%2Fmt.2010.233
https://doi.org/10.1016%2Fs0168-3659%2899%2900090-5
https://doi.org/10.1039%2Fc2cc33472k
https://doi.org/10.1039%2Fc1sc00064k
https://doi.org/10.1021%2Fjp100312e
https://doi.org/10.1016%2Fj.colsurfb.2015.05.051
https://doi.org/10.1002%2Fmacp.201700563
https://doi.org/10.2217%2Fnnm.16.5
https://doi.org/10.1002%2Fange.201609043
https://doi.org/10.1016%2Fj.jconrel.2014.05.006
https://doi.org/10.1007%2Fs12274-009-9035-6
https://doi.org/10.1002%2Fadhm.201500563
https://doi.org/10.1002%2Fadfm.200800765
https://doi.org/10.1038%2Fsj.mt.6300233
https://doi.org/10.2174%2F138920110792246519
https://doi.org/10.1021%2Fnn700344x
https://doi.org/10.1021%2Fja7103125
https://doi.org/10.1016%2Fj.biomaterials.2014.01.041
https://doi.org/10.1021%2Facsami.5b04022
https://doi.org/10.1039%2Fc4tb01273a
https://doi.org/10.1016%2Fj.jconrel.2006.02.009
https://doi.org/10.1080%2F20022727.2018.1488497
https://doi.org/10.1016%2Fj.actbio.2015.07.020
https://doi.org/10.1016%2Fj.ultramic.2017.07.001
https://doi.org/10.1039%2Fc5nr00189g

54.Seow, W. Y; Liang, K.; Kurisawa, M.; Hauser, C. A. E.
Biomacromolecules 2013, 14, 2340-2346. doi:10.1021/bm4004628

55.Kumar, C. S. Nanomaterials for medical diagnosis and therapy; John
Wiley & Sons, 2007; Vol. 10.

56. Moghimi, S. M.; Symonds, P.; Murray, J. C.; Hunter, A. C.; Debska, G.;
Szewczyk, A. Mol. Ther. 2005, 11, 990-995.
doi:10.1016/j.ymthe.2005.02.010

57.Parhamifar, L.; Larsen, A. K.; Hunter, A. C.; Andresen, T. L.;
Moghimi, S. M. Soft Matter 2010, 6, 4001—-4009. doi:10.1039/c000190b

58. Uwem Okon, E.; Hammed, G.; Abu El Wafa, P.; Abraham, O.;

Case, N.; Henry, E. Int. J. Innovation Appl. Stud. 2014, 5, 192—-199.

59. Sahoo, Y.; Goodarzi, A.; Swihart, M. T.; Ohulchanskyy, T. Y.; Kaur, N.;
Furlani, E. P.; Prasad, P. N. J. Phys. Chem. B 2005, 109, 3879-3885.
doi:10.1021/jp045402y

60. Mohamad Nor, N.; Abdul Razak, K.; Tan, S. C.; Noordin, R.

J. Alloys Compd. 2012, 538, 100—106.
doi:10.1016/j.jallcom.2012.05.053

61.Strojan, K.; Lojk, J.; Bregar, V. B.; Verani¢, P.; Pavlin, M.

Toxicol. In Vitro 2017, 41, 12-20. doi:10.1016/j.tiv.2017.02.007

62. Morille, M.; Passirani, C.; Vonarbourg, A.; Clavreul, A.; Benoit, J.-P.
Biomaterials 2008, 29, 3477-3496.
doi:10.1016/j.biomaterials.2008.04.036

63.Son, D. J.; Hong, J. E.; Ban, J. O.; Park, J. H.; Lee, H. L.; Gu, S. M,;
Hwang, J. Y.; Jung, M. H.; Lee, D. W.; Han, S.-B.; Hong, J. T.
BioMed Res. Int. 2015, 2015, 1-13. doi:10.1155/2015/397563

64.Gabrielson, N. P.; Pack, D. W. J. Controlled Release 2009, 136,
54-61. doi:10.1016/j.jconrel.2009.02.003

65.Won, Y.-Y.; Sharma, R.; Konieczny, S. F. J. Controlled Release 2009,
139, 88-93. doi:10.1016/j.jconrel.2009.06.031

66. McMichael, E. L.; Jaime-Ramirez, A. C.; Guenterberg, K. D.;

Luedke, E.; Atwal, L. S.; Campbell, A. R.; Hu, Z.; Tatum, A. S ;
Kondadasula, S. V.; Mo, X.; Tridandapani, S.; Bloomston, M.;
Ellison, E. C.; Williams, T. M.; Bekaii-Saab, T.; Carson, W. E., Ill.
Clin. Cancer Res. 2017, 23, 489-502.
doi:10.1158/1078-0432.ccr-16-0004

67.Matsuo, T.; Nishizuka, S. S.; Ishida, K.; lwaya, T.; lkeda, M.;
Wakabayashi, G. BMC Res. Notes 2011, 4, 140.
doi:10.1186/1756-0500-4-140

68.Zhang, F.; Wang, S.; Yin, L.; Yang, Y.; Guan, Y.; Wang, W.; Xu, H.;
Tao, N. Anal. Chem. (Washington, DC, U. S.) 2015, 87, 9960—-9965.
doi:10.1021/acs.analchem.5b02572

69.Li, D.; Chen, F.; Ding, J.; Lin, N.; Li, Z.; Wang, X. Oncol. Rep. 2017, 38,
3387-3391. doi:10.3892/0r.2017.6025

Beilstein J. Nanotechnol. 2022, 13, 82—-95.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.6

95


https://doi.org/10.1021%2Fbm4004628
https://doi.org/10.1016%2Fj.ymthe.2005.02.010
https://doi.org/10.1039%2Fc000190b
https://doi.org/10.1021%2Fjp045402y
https://doi.org/10.1016%2Fj.jallcom.2012.05.053
https://doi.org/10.1016%2Fj.tiv.2017.02.007
https://doi.org/10.1016%2Fj.biomaterials.2008.04.036
https://doi.org/10.1155%2F2015%2F397563
https://doi.org/10.1016%2Fj.jconrel.2009.02.003
https://doi.org/10.1016%2Fj.jconrel.2009.06.031
https://doi.org/10.1158%2F1078-0432.ccr-16-0004
https://doi.org/10.1186%2F1756-0500-4-140
https://doi.org/10.1021%2Facs.analchem.5b02572
https://doi.org/10.3892%2For.2017.6025
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.13.6

	Abstract
	Introduction
	Materials and Methods
	Synthesis of branched PEI-coated SPIONs (SPION@bPEI)
	Erbitux conjugation to SPION@bPEI
	PIC and pGFP loading to luminescent magnetic nanoparticles (SPION@bPEI/PIC or SPION@bPEI/pGFP)
	DLS and zeta potential measurements
	Cell culture and cytotoxicity assay
	Fluorescence imaging
	Characterization

	Results and Discussion
	Delivery of therapeutic PIC to cancer cells with SPION@bPEI and in vitro optical imaging
	Targeted delivery of GFP to EGFR-positive cells with luminescent SPION@bPEI

	Conclusion
	Supporting Information
	Funding
	References

